




















































































































Characterization	 results	of	 the	tested	 fuels	are	 listed	 in	Table	4	(mean	value	and	standard	deviation).	 	Density	 is	an	 important	property	 for	 fuels	used	 in	compression	 ignition	engines.	The	variation	of	 this	property	affects	 the	power	output	and	the	combustion	 in 
cylinder	[25].	As	shown	in	Table	4,	densities	of	the	three	types	of	biodiesel	(CB,	SB	and	DB)	were	very	close	to	each	other	(880–886 kg/m3	at	15 °C),	within	the	confidence	interval.	Non-significant	differences	were	either	found	in	the	density	values	of	diesel	and	B10	blends 
(839–840 kg/m3	at	15 °C).	 In	general,	biodiesel	density	has	been	found	to	be	around	5%	higher	 than	that	of	diesel	and	B10	blends.	 In	any	case,	all	density	values	 fulfil	 the	standard	 requirements	 (820–845 kg/m3	 for	diesel	according	 to	EN	590	and	860–900 kg/m3	 for 
biodiesel	according	to	EN	14214).	Similar	values	are	reported by	other	authors	using	sunflower	biodiesel.	Thus,	values	of	882.2,	885,	and	883.6  kg/m3	were	obtained	by	Saydut	el	al.	 [26],	Saba	et	al.	[27]	and	Santos	et	al.	[28],	respectively.
Table	4	Physico-chemical	properties	of	the	tested	fuels.
Fuel	properties D CB SB DSB CB10 SB10
Density	at	15 °C kg/m3 840 ± 2 880 ± 3 884 ± 4 886 ± 4 840 ± 5 839 ± 4
Viscosity	at	40 °C mm2/s 2.80 ± 0.01 4.58 ± 0.01 4.47 ± 0.05 4.30 ± 0.06 2.90 ± 0.01 2.79 ± 0.04
HHV MJ/kg 45.62 ± 0.09 39.8 ± 0.1 39.83 ± 0.01 39.63 ± 0.03 45.09 ± 0.03 45.21 ± 0.02
Oxidation	stability min 94.2 ± 0.7 40.6 ± 0.1 13.8 ± 0.3 37.61 ± 0.01 43 ± 2 106.9 ± 0.7
CFPP °C −16.1 ± 1 0.4 ± 1 −5.1 ± 1 −2.9 ± 1 −15.6 ± 1 −16.1 ± 1
Water	content ppm 75 ± 27 189 ± 54 579 ± 4 587 ± 3 73 ± 19 115 ± 24
Carbon % 86.6 ± 0.1 77.66 ± 0.03 78.04 ± 0.06 77.56 ± 0.07 86.11 ± 0.07 86.3 ± 0.2
Hydrogen % 13.2 ± 0.1 12.25 ± 0.08 12.07 ± 0.04 12.05 ± 0.05 13.42 ± 0.00 13.4 ± 0.1
Nitrogen ppm 1800 ± 400 2400 ± 100 1600 ± 200 1570 ± 80 1900 ± 200 1680 ± 50
Oxygen* % 0.0 9.8 9.7 10.2 0.25 0.05
Sulphur ppm 324 ± 16 269 ± 8 279 ± 24 257 ± 9 316 ± 3 281 ± 19
FAME	content wt% – 93.4 ± 0.2 98.6 ± 0.2 96.7 ± 0.1 – –
* Calculated	by	difference.
Fig.	2	Engine	conditions	in	the	ESC	cycle	and	weighting	factors	(%).
Other	 important	 concern	 when	 using	 biodiesel	 in	 a	 diesel	 engine	 is	 the	 detrimental	 effect	 caused	 by	 the	 high	 viscosity	 of	 the	 fuel.	 Kinematic	 viscosity	 values	 of	 biodiesel	 samples	 used	 in	 this	 work	 (CB,	 SB	 and	 DSB)	 were	 very	 close	 to	 each	 other 
(4.30–4.58 mm2/s)	and	around	60%	higher	than	that	of	D,	CB10	and	SB10	(2.79–2.90 mm2/s).	The	addition	of	the	bio-oil	based	additive	to	sunflower	biodiesel	did	not	suppose	any	negative	impact	in	such	property.	Viscosity	values	of	the	six	fuels	remained	all	within	the 














Fatty	acid	methyl	ester	(FAME)	contents	of	the	different	biodiesels	used	are	also	shown	 in	Table	4.	The	final	FAME	content	of	DSB	was	determined	at	96.7 wt%.	From	the	comparison	o	FAME	content	 in	SB	and	DSB,	 it	can	be	 inferred	 that	DSB contained	
1.9 wt%	of	bio-oil	compounds.










































to	the	lower	friction	loss	in	the	injection	system.	Haşimoğlu	et	al.	[38]	investigated	 the	performance	of	biodiesel	prepared	from	sunflower	oil	in	a	4-cylinder	 turbocharged	DI	diesel	engine	and	their	results	were	similar	to	the	ones	shown	in	this	work	(BTE	3%	higher	for biodiesel	with	respect	to	
diesel).
Addition	of	10%	biodiesel	 to	diesel	 in	the	B10	blends,	CB10	and	SB10,	did	not	substantially	affect	 the	behaviour	of	 the	fuel,	and	provoked	a	negligible	rise	(0.1–0.9%)	 in	BTE	at	1500,	2000	and	4000 rpm	compared	to	D.	Lower	BTE	was	found	at	 the	middle	speeds,	although	the
difference	was	also	very	small	(0.1–1.2%).
BTE	values	for	DSB,	which	contained	the	antioxidant	additive	from	bio-oil,	decreased	by	0.1–0.8%	with	respect	to	the	neat	biodiesel,	SB,	suggesting	that	the	presence	of	the	additive	did	not	significantly	impact	on	the	performance	of	the	diesel	engine.	Different	trends,	including	both






Fuel NOx CO HC Opacity CO2
g/kW·h g/kW·h g/kW·h mg/m3 g/kW·h
D 2.62 4.16 0.64 4.94 1187
CB 2.85 2.91 0.58 1.69 1214
Fig.	5	Variation	of	brake	thermal	efficiency	(BTE)	at	different	speeds	working	with	different	fuels.
SB 2.96 2.92 0.35 1.59 1207
DSB 2.87 2.94 0.40 1.52 1222
CB10 2.75 3.73 0.39 4.36 1129





As	shown	 in	Table	6,	average	NOx	specific	emissions	 for	biodiesel	 fuels,	CB	and	SB,	were	higher	 than	those	 for	diesel	 (D)	on	a	percentage	of	13.0	and	8.8%,	respectively.	 In	addition,	NOx	emissions	 increased	by	5.0	and	7.3%	for	CB10	and	SB10	compared	 to	D	because	of	 the 
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Highlights
• Biodiesel	oxidation	stability	can	be	improved	with	a	bio-oil	derived	additive.
• Performance	and	emissions	of	a	diesel	engine	are	not	significantly	modified	by	this	additive.
• Biodiesel,	with	and	without	additive,	improves	most	of	the	emissions	measured.
